SUMMARY To determine whether the increased thickness seen in media of mesenteric resistance vessels of Wistar-Kyoto rats made hypertensive by a Goldblatt procedure (one-kidney, one clip model) was due to hypertrophy or hyperplasia of smooth musde cells, the cellular dimensions of these vessels were estimated using a new, unbiased stereoJogkal method (the disector). Furthermore, to investigate whether the changes seen could be secondary to the increased blood pressure, morphometric measurements were also made in renal arcuate arteries, which, due to the constricting silver clip, probably had not been exposed to the increased pressure load. Vessels were mounted on a myograph, and their media thickness, lumen diameter, and maximum active wall tension response were measured. In the mesenteric vessels media thickness had increased by 58%, whereas no changes were seen In the renal vessels. Vessels were then fixed, and serial sections were made in the mesenteric vessels. The disector was used to calculate the numerical cell density in each vessel. By combining the myograph measurements and the estimated numerical cell density, the number of cells per segment unit length was calculated (renal hypertensive rats, 
I
T is now well established that increased media thickness is associated with hypertension. 1 In the spontaneously hypertensive rat (SHR), which is the most studied hypertensive model so far, the cellular basis for the observed medial hypertrophy seems to differ in various vascular beds. 2 In the aorta 3 -4 and the superior mesenteric artery, 5 the increased media thickness is associated with hypertrophy, whereas the changes in smaller vessels are probably due to hyperplasia.
-
5 - 6 The changes in the conducting arteries are not seen prior to the elevation of the blood pressure, 7 and antihypertensive treatment 8 prevents the structural modifications of the vessels, suggesting that these changes are secondary to hypertension. In contrast, structural alterations in the small muscular arteries and arterioles are present at the prehypertensive and developing hypertensive phases, 7 and these changesl0 Furthermore, there is indirect evidence that the rate of synthesis may be due to cellular factors that are genetically determined." Thus, the increased media thickness seen in SHR may, at least in part, be genetically determined and may be among the primary factors causing hypertension. 1213 To obtain further insight into the mechanisms controlling vascular structure, in the present investigation we studied another model of hypertension, the Goldblatt renal hypertensive rat (RHR). In this model, there is evidence that the medial hypertrophy seen in aorta is due to hypertrophy 14 -" induced by increased wall tension. 15 -16 However, investigations concerning the cellular basis for the medial hypertrophy seen in smaller resistance vessels in the RHR 17 have not been performed. Using a new stereological method that avoids many of the pitfalls associated with other methods, 18 we estimated the cell number and mean cell volume in mesenteric resistance vessels from 16-week-old, one-kidney, one clip Goldblattdue to the constricting clip, probably were not exposed to the increased blood pressure.
Materials and Methods Animals
Twenty-eight 10-week-old male Wistar-Kyoto rats (WKY) weighing about 180 g were obtained from the M0llegaards Breeding Center, Li. Skensved, Denmark. They were maintained on normal sodium chow and water administered ad libitum. Fourteen rats were made hypertensive (one-kidney, one clip Goldblatt RHR) by placing a constricting silver clip with an internal diameter of 0.2 mm on the left renal artery. The remaining rats (hereafter referred to as WKY) were sham-operated, at the same age, by dissecting free the left renal artery but without placing a clip. One week later, a right-sided nephrectomy was performed in both groups. All operations were performed with the rats under methohexital (Barbital, Lilly) anesthesia (1%, 7.5 mg/kg body weight i.p.). After another 5 to 6 weeks, the systolic blood pressure was measured using the tail-cuff procedure in conscious animals. The characteristics of the rats at the time of experiment are shown in Table 1 .
Dissection and Myograph Measurements
On each day of experiment, two rats were killed and from each animal the proximal jejunum with associated vessels and the remaining kidney were quickly removed. As described previously, 19 approximately 2-mm segments of third branch mesenteric resistance vessels were isolated. Also, segments of renal arcuate arteries, taken close to the renal cortex, were dissected out. 20 The vessels were held in physiological saline solution at 37 °C, in which they were completely relaxed. 21 They were mounted as ring preparations on a double myograph, 22 permitting two vessels to be tested simultaneously. RHR vessels were always tested against WKY vessels of the same vessel type. The media crosssectional area (a,) of the vessels was measured using a microscope mounted with an ocular micrometer (Zeiss, Oberkochen, West Germany). The relation between resting wall tension and the internal circumference was determined, and the normalized internal circumference (L 100 ), at which the effective transmural pressure is 100 mm Hg, was estimated VaJues are means ± SE. RHR = renal hypertensive rats. *p < 0.01, tp < 0.001, compared with values in RHR (by two-tailed t test). using the Laplace equation. 21 Vessels were set to an internal circumference (Li), which is 0.9 x L 100 . Normalized lumen diameter (1,) was taken as L.jir. The corresponding media thickness (mO was calculated assuming constant media cross-section. 23 The maximum contractile ability (AT,) of the vessels was determined by stimulation with 10 /iM norepinephrine in 125 mM potassium saline solution.
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Histology
After stimulation, the bathing solution was changed to calcium-free saline containing 5 mM EGTA for 15 minutes to achieve complete relaxation. Still mounted on the wires, the vessels were then fixed in glutaraldehyde. 19 The vessels were demounted, washed in buffered sucrose solution, postfixed in 1% osmium tetroxide, block-stained with 2% uranyl acetate, preembedded in agar to keep orientation, 6 and finally, embedded in Epon. In the mesenteric vessels from a point approximately halfway between where the mounting wires had been, a series of six to eight approximately l-/n.m serial sections were taken parallel to the vessel axis. From each renal artery only a single 1-jim section was taken. All sections were placed on glass slides, identified, and stained with toluidine blue. The sections were photographed and printed at a total magnification of approximately 1070x .
The Disector
This method, used to determine cell numerical density in the mesenteric vessels, has been described in detail elsewhere. 6 -18 In the first section of each vessel, eight randomly chosen areas of the vessel wall were identified and numbered. A disector was defined as the three-dimensional probe bounded by these areas and the surface of the last section in a series. Each nucleus seen in the top area of the disector was traced in the following serial sections, and the number of nuclei that terminated within the disector 24 was estimated. Counting efficiency was improved in this study compared with earlier studies 6 by counting both "downward-pointing" (n<i) and "upward-pointing" (nj nuclear ends within the same vessel volume. 24 We assumed that each cell contains only one nucleus, so that the mean number of smooth muscle cells per unit volume media (the cell numerical density) could be calculated by dividing half the total number of nuclear ends by the total disector volume (V d ). The number of cells per unit vessel length was then estimated by multiplying the cell numerical density by the media cross-sectional area (i.e., media volume per unit vessel length) measured on the myograph. The volume fraction of media containing smooth muscle cells was determined by point-counting in the first section. By combining these results and measurements on the myograph, it was possible to calculate cell volume and average cell active stress. Furthermore, by counting the number of cell cross-sections (c,) in the top sections and the number of cells containing VOL 12 *Three vessels were discarded because lumen diameter exceeded 300 /im and therefore they were not considered to be resistance vessels. One vessel was excluded because it was impossible to count the cells due to poor tissue preparation. nuclei in both the top (nj and (n b ) bottom sections, the nucleus length, cell length, cell cross-sectional area, cell layers, and active force per cell could be estimated. 6 All equations used are shown in Table 2 .
Renal Arcuate Arteries
In the renal arcuate vessels, where the myograph measurements did not show increased media thickness (see Table 3 ), an estimate of the volume fraction of media containing smooth muscle cells was made from one section using point-counting in eight randomly chosen areas as for the mesenteric vessels. Also, the number of cells within these areas was counted. The equations shown in Table 3 were used to calculate the number of cells per unit length of counting area, mean cell cross-sectional area, number of cell layers, mean cell active stress, and mean force per cell.
Statistics
All results are presented as means ± SE. Significance of differences between RHR and WKY parameters was assessed by Student's two-tailed / test. Probability levels under 5% were considered significant.
Results
At the time of experiments, the systolic blood pressure had risen significantly (~75%) in RHR compared with WKY (see Table 1 ). Despite the greatly increased systolic pressure in these rats, none of them showed any signs of disease and none of them died after the clipping. Body weight was reduced (~10%), while heart weight increased, leading to a greatly increased (-60%) heart/body weight.
Mesenteric Vessels
Results from morphometric measurements for mesenteric vessels are given in Table 2 . When mounted on the myograph, lumen diameter of RHR mesenteric vessels was reduced by 16%, media thickness was increased by 58%, while the media cross-sectional area was increased by 39% compared with WKY vessels. By combining these myograph measurements with the morphometric results calculated according to the equations also given in Table 2 , it can be seen that the main part of the medial hypertrophy was accounted for by a significant increase in the mean smooth muscle cell volume ( Figure 1A ). In addition, there was a slight but significant increase (4%) in the intercellular volume. Assuming that linear change was equal in all directions, only about 1% of the increment in media thickness was due to increased volume fraction of interstitium (1-V V ). The estimate of the mean cell numerical density (N v ) was significantly lower in the RHR. However, using the disector measurements in combination with the myograph measurements, we found that the number of cells per unit wall length was not significantly altered, although on average there was a slight (8%) increase ( Figure IB) . The active force of the RHR vessels in response to control activating solution was similar to that in WKY vessels. Combining these measurements with the histological data indicated that the average force per cell was unchanged while the active force per cell cross-sectional area was greatly reduced (41%) in the RHR vessels.
Renal Vessels
The renal vessels, which, due to the constricting clip, probably had not been exposed to the increased blood pressure, did not show any changes in the measured or calculated parameters (Table 3) .
Discussion
With the use of the employed morphometric method it is possible, within a randomly selected volume, to determine an unbiased number of particles without making assumptions about the shape and size of the particle and without favoring larger particles over smaller ones, 24 which usually is the problem with other methods. 25 The present method makes use both of the fact that in histological sections nuclei are easier to identify and count and of the general finding that vascular smooth muscle cells are mononuclear, 26 a finding confirmed both in this study and in our previous morphometric investigation. 6 The increased media thickness associated with various forms of hypertension 1 is accompanied by an increased quantity of smooth muscle. 1619 In 2500 RHR WKY accordance with this pattern we found that the total amount of smooth muscle in RHR had increased. This gain in smooth muscle cell mass was, according to our morphometric results, mainly caused by a greater mean smooth muscle cell volume (see Figure 1A ), predominantly signifying hypertrophy. Only a minor, nonsignificant increase (8%) in number of cells per unit segment length (i.e., hyperplasia) was seen (see Figure IB) . However, based on considerations of the variance of the determinations, there was a less than 1% chance that such an increase in cell number alone could account for the 39% greater media cross-sectional area in RHR compared with WKY.
Counting the number of cell layers in the vessel wall has been used previously as an estimate of hyperplasia. 5 In the present study, we found significantly more (29%) cell layers in the RHR, even though the absolute number of cells per segment length was unaltered compared with that in WKY. Consequently, the increase in number of cell layers must be due to the cells being packed around the smaller (16%) lumen. This finding stresses the point that hyperplasia cannot be judged solely by counting the number of cell layers. Thus, our findings point toward hypertrophy, and not hyperplasia, as being the cause of the increased media thickness in RHR mesenteric resistance vessels. This conclusion regarding cellular hypertrophy is independent of the normalization procedure since the media volume was measured before normalization (see Materials and Methods).
This conclusion contrasts with the findings in mesenteric resistance vessels from SHR made previously by our group. 6 When the same morphometric method was used, it was found that the medial hypertrophy seen in SHR most likely was caused by hyperplasia. This finding was in agreement with another study 3 on mesenteric vessels of the SHR and also with findings in the genetically hypertensive Dahl strain rat. 27 In contrast to these results, the increased mass of smooth muscle seen in aortas of SHR, 3 4 -» RHR, 14 and other experimental models of hypertension 29 is, with different morphometrical methods, consistently found to be caused by hypertrophy and not hyperplasia. The hyperplasia seen in SHR resistance vessels is found in the prehypertensive phase 7 and cannot be prevented by early antihypertensive treatment. 9 ' 10 This is not the case with the smooth muscle hypertrophy seen in aortas.
7 -8 Therefore, taken together, it seems that the hyperplasia in the resistance vessels of genetic forms of hypertension could be associated with the primary factors causing hypertension, 2 whereas the changes in aorta could be a response of the smooth muscle cells to increased vascular wall stress, as proposed earlier by Wolinsky. 15 In the present investigation, the renal arcuate arteries, due to the constricting clip, probably had not been exposed to increased pressure load, and in these vessels no significant morphological changes were found. Two possible explanations for this difference between renal and mesenteric vessels can be considered. First, since there is increasing evidence for a trophic action of sympathetic nerves on vascular structure, 30 the difference could be due to an alteration in the adrenergic activity between mesenteric and renal vessels in the RHR. Second, the changes in the mesenteric vessels could be a secondary response to the increased blood pressure, which in our case did not operate on the renal arcuate arteries. Our results do not allow us to distinguish between these possibilities. However, based on the current literature, it would be tempting to speculate that the smooth muscle cell hypertrophy seen in RHR mesenteric vessels is secondary to the increased blood pressure. The present experiments do not, of course, exclude the possibility that hyperplasia could be produced if renal hypertension was induced at an age earlier than 6 weeks. In newborns there may still be some inherent proliferative abilities in the smooth muscle cells, as, for instance, is seen in the heart exposed to increased pressure load in congenital heart failure. Here the heart muscle cells proliferate, 31 whereas they show hypertrophy in response to increased load later in life. 32 In this connection it will be interesting to see whether the medial hypertrophy seen in patients with essential hypertension 33 is caused by smooth muscle cell hypertrophy or hyperplasia.
In an ultrastructural study of hypertrophic vascular smooth muscle cells in a partially ligated rabbit portal-anterior mesenteric vein, Berner et al. 34 found that there was no net change in the number of myosin filaments per cell profile and that the increased volume of the cell was occupied by actin and intermediate filaments. This finding was in agreement with similar findings in the hypertrophic cells of the stenotic guinea pig intestine. 35 These changes in the relationship between contractile and noncontractile proteins could explain the decrease in average active force per cell cross-section seen in our vessels. Such a decrease is also seen in other hypertrophic vascular smooth muscle cells. 36 The vessels reported to have developed secondary smooth muscle cell hypertrophy due to increased pressure load 2 also show a decrease in the maximal active stress generated in response to a variety of contractile agonists, 37 -38 whereas no changes were seen in the active forces per cell cross-sectional area of SHR hyperplastic cells in mesenteric resistance vessels. 6 In conclusion, our results indicate that the increased media thickness of mesenteric resistance vessels in one-kidney, one clip Goldblatt hypertensive rats is not, as in SHR, associated with hyperplasia, but with hypertrophy, which could be secondary to the increased blood pressure or a result of differences in the sympathetic nerve activity (or both).
